The Lee-Wick Standard Model is a highly constrained model which solves the gauge hierarchy problem at the expense of including states with negative norm. It appears to be macroscopically causal and consistent. This model is extended by considering the two-Higgs doublet extension of the Lee-Wick model. Rewriting the Lagrangian using auxiliary fields introduces two additional doublets of Lee-Wick partners. The model is highly constrained, with only one or two additional parameters beyond that of the usual two-Higgs doublet model, and yet there are four doublets. Mass relations are established by diagonalizing the mass matrices and further constraints are established by studying results from B → τ ν, neutral B-meson mixing, and B → Xsγ. The prospects of detecting evidence for this model at the LHC are discussed.
currents, can be expressed in terms of the scalar masses and mixings. In addition to the type-I 2HDM, the charged Higgs can be light, close enough in mass to the top quark, and it will be interesting to see if that can be maintained.
In the next section, the LWSM is presented, following earlier works. Section III contains the Lee-Wick 2HDM (LW2HDM), where the various constraints are presented. The constraints from low-energy physics (primarily B physics) are in Section IV, and the results at current and prospects at future colliders are discussed in Section V. Mass matrices and coupling constant relations are given in the Appendix.
II. THE LEE-WICK STANDARD MODEL HIGGS SECTOR
The Higgs sector of the Lee-Wick Standard Model (LWSM) is given by a Lagrangian with a higher derivative kinetic term [5] 
The potential takes the usual form
To eliminate the higher-derivative term, an auxiliary fieldH is introduced, giving the Lagrangian
The higher derivative Lagrangian is reproduced by substituting the equation of motion for the auxiliary field. The kinetic terms are diagonlized by redefiningĤ = H −H:
The higher derivative term has been eliminated by introducing the LW fieldH which has the opposite sign kinetic term of the usual particle. A gauge is chosen so that
where v ≈ 246 GeV, the Higgs vev. The neutral scalar mass matrix must now be diagonalized. It is of the form
Normally, when one chooses to diagonalize a scalar mass matrix, an orthogonal representation is used since that will not affect the structure of the kinetic terms. However, in this case, one of the kinetic terms has a negative coefficient, and an orthogonal transformation will not preserve this form. Instead, a symplectic transformation must be used.
where subscript 0 indicates a mass eigenstate. The mixing angle η satisfies
It is easy to see that the LW pseudoscalar P and the LW charged scalarh ± have the same mass and that the heavier of the neutral scalars has the negative kinetic energy term. The masses of the neutral scalars are related to the mass of the charged scalar by
The ratio of the couplings of the neutral Higgs bosons to their value in the Standard Model, g XY , are [19] 
An important property of these couplings is that the coupling of the light Higgs to the SM gauge bosons is greater than those in the SM. In most extensions of the SM, the couplings are suppressed, but this is an exception. Note that this model is similar to a type-II 2HDM, with tan β = 1 and some minus signs in the vertices and propagators. As a result, a single parameter, the Lee-Wick scale, gives all mixing angles, Yukawa couplings, masses and interactions of the LW Higgs bosons. This makes the model very predictive. In Ref. [16] and [19] , bounds on the model from B-meson and Z decays and LHC studies of the light Higgs boson are examined. The strongest of these constraints comes from radiative B-decays and gives a lower bound on the heavy neutral (charged) scalar of 445 (463) GeV.
The LW2HDM can be expected to have the same number of parameters as the standard 2HDMs, with the addition of the Lee-Wick scale. Given the larger number of states in this model, it will also be highly predictive.
III. THE LW TWO-HIGGS DOUBLET MODEL
It is straightforward to generalize the LW higher derivative Lagrangian from the previous section.
is the standard Two-Higgs Doublet Model potential (see Ref. [24] ), where H 1 and H 2 are the Two-Higgs Doublets. The potential contains:
where the λ i terms are then the coupling constants between the Higgs fields Note that there are two different Lee-Wick scales in this Lagrangian. As will be seen, the mass matrices can easily be diagonalized if these scales are equal. This assumption will be made here, and the possible consequences of relaxing the assumption will be discussed later.
Following the same procedure as before, by introducing auxiliary fields, then redefining the fields in order to diagonalize the kinetic energy terms, the new Lagrangian is
Minimizing the potential, then evaluating the second derivatives with respect to each field gives the mass matrices for this model. The generated matrices are in the Appendix. As expected, there are four neutral scalars, four pseudoscalars and four charged scalars. The charged and pseudoscalars have a zero diagonal element when they are diagonalized, corresponding to the Goldstone bosons. These diagonal elements are not necessarily eigenvalues obtained from solving the secular determinant, since a symplectic transformation does not preserve the form of the kinetic terms.
To diagonalize the mass matrices, an orthogonal transformation is applied to the upper 2 × 2 and lower 2 × 2 blocks. For the charged and pseudoscalar mass matrices, these transformations are both just a rotation by β (as in the usual Two Higgs Doublet Model). For the neutral scalar mass matrix, the rotation is defined as α. Upon performing these transformations, the charged Higgs mass matrix is
Note the zero (indicating the presence of the Goldstone boson) on the diagonal. One mass is the Lee-Wick scale (resulting from the negative kinetic term, and positive mass-squared term). The remaining 2×2 submatrix is precisely of the form as Eq. 6, and thus can be diagonalized with a symplectic transformation, resulting in
where A = . For the pseudoscalar case, a similar result is found. For the neutral scalar case, there are two symplectic rotations needed to diagonalize the mass matrix. The neutral scalar masses and scalar couplings can be found in terms of the masses and mixing angles in the Appendix.
In the Two-Higgs Doublet model, the observed scalar at 125 GeV has couplings to the W ± and Z which are sin(β − α) times that of the SM. The dual scalar, H, has couplings which are cos(α − β) times that of the SM. The pseudoscalar and charged scalar have no tree-level couplings to gauge bosons. Similarly, in this model the couplings to the gauge bosons are
where ψ 1 , ψ 2 are the symplectic transformation angles for the neutral scalars. The determination of the neutral scalars coupling to the weak gauge bosons allows for the Yukawa couplings to be resolved. In the 2HDM, the Yukawa couplings are dependent upon the type of 2HDM being studied. The Higgs doublets take the form
In the type-I 2HDM, Φ 2 couples to both u 
where the expressions for the parameters ξ f are found in Table I . The Yukawa couplings of the neutral scalar Higgs and associated LW neutral scalar Higgs to the quarks only differs by a sign. This same feature exists in the LWSM. In general, the sign difference is also present for the the pseudo-scalar and charged Higgs. When the LW scale goes to infinity, one recovers usual 2HDM couplings. Angles ψ1 and ψ2 are the symplectic rotations needed to diagonalize the two neutral scalar mass matrix, φ is the rotation angle to diagonalize the pseudoscalar mass matrix and θ is the angle which diagonalizes the charged scalar mass matrix. These angles are all determined in terms of the physical particle masses, as described in the text.
For simplicity, it was assumed that the Lee-Wick scales in Eq. (15) were equal. We know of no principle or symmetry that would lead to this equality, although one would not expect qualitative differences. Suppose this assumption is relaxed. Consider the charged Higgs mass matrix. Applying orthogonal transformations to the upper and lower 2 × 2 blocks gives the mass matrix
(26) One sees that in the limit in which the scales are equal, this reduces to the previous result. There is no simple hyperbolic rotation that diagonalizes this mass matrix. However, one can first consider the case in which the LeeWick scales are close together, so that the 3-4 and 4-3 elements of the mass matrix are much smaller than the other terms. In that case, one can find the masses explicitly and they are given by (with, as before, the charged Higgs mass-squared being denoted m
Of course, long before these particles are discovered, it is likely that tan β will have been determined, and thus the Lee-Wick charged scalar masses will determine the two Lee-Wick scales. However, once those scales are determined, the masses and mixings of the neutral LW scalars and pseudoscalars are completely determined. This is not a surprise, since we have added an extra parameter, and thus the masses of the charged scalars no longer have the simple relationship from before. However, the model remains highly predictive, since all of the other LW scalar masses and their mixing angles are then determined. Note also that these facts are expected to be true even when the mass splitting is not small, although then there is no simple analytic expression for these masses and mixings.
IV. LOW ENERGY CONSTRAINTS
In the analysis of the LWSM, Carone et al. [16] showed that constraints from B-physics give the strongest bounds on the model. With the above Yukawa couplings, the constraints can similarly be calculated. In this section, constraints from B + −→ τ + ν τ , B dBd mixing, and B −→ X s γ are explored, leading to lower bounds for the mass of the charged Higgs, m H ± 0 , and its Lee-Wick partners.
For large tan β, the strongest bounds come from the branching ratio of B + −→ τ + ν τ . In the 2HDM the rate is
where C 1 = cot 2 β is the coefficient from the type-I 2HDM, and C 2 = tan 2 β is the coefficient from the type-II 2HDM. There are now two additional charged Higgs in the model, making the 2HDM result have an additional two Feynman diagrams resulting in,
Note the difference in sign in the latter two terms on the left hand side of the above equation. This is a result of the opposite sign in the propagators of the LW particles. Taking the limit of the LW scale, mh −→ ∞, recovers the 2HDM result. Plots of the branching ratio for B + −→ τ + ν τ for the type-II model are below in Figure 1 . The Heavy Flavour Averaging Group[28] combined the results from the experiments BELLE [25, 26] and BABAR [27] to find the B (B + −→ τ + ν) branching ratio to be (1.64 ± 0.34) × 10 −4 . Dividing the HFAG experimental result by the Standard Model predicted result [35] gives 1.37 ± 0.39. This lower bound on the mass of the charged Higgs in the type-II LW2HDM was established at the 95% confidence level and is shown in the summary plot at the end of this section, Figure 5 .
B. B dBd mixing
In the 2HDM, the result for the mass splitting between B andB is identical for both type-I and II 2HDMs. It has been shown that the mass splitting at LO in QCD is [29] 
where I W W is the contribution from a 2 W ± exchange, I W H is the contribution from a single charged Higgs exchange, and I HH is the contribution from a 2 charged Higgs exchange. Explicitly, 
where
. If the values for the averaged masses are varied between the two masses being averaged, the change in ∆m B d falls within the bounds of the uncertainty. The same modifications were applied to the NLO amplitudes in Ref. [30] . The theoretical uncertainty in ∆m B d , is primarily dominated by the QCD bag-factor f 2 BB Bq , and is approximated by σ = 0.14 ∆m 
where C 0 7 are Wilson coefficients. In the type II 2HDM, these coefficients are given by
. For the LW extension of the type-II 2HDM, this becomes . The function f (ξ), a phase space suppression factor from the semileptonic decay rate, is
In order to compare to experimental data the calculation is carried out to NLO in QCD. The modifications to the amplitude are exactly the same as above LO example. The NLO amplitudes given in Ref. [33] are those used in the numerical analysis. Numerical values used in the calculation are listed in the Appendix. Plots of the branching ratio are shown in Figure 3 for various LW scales for the type-I and II models. The detected value for the branching ratio is B(B −→ X s γ) = (3.52 ± 0.23 ± 0.09) × 10 −4 [34] . As in the previous section, a χ 2 text was used to establish lower bounds for the mass of the charged Higgs. Plots of these bounds are shown in Figure 5 for the type-II model, and Figure 4 for the type-I model. The bounds in the type-I model are qualitatively different in the LW2HDM as compared to the usual 2HDM result. An asymptote occurs in the bounds of the model due to the couplings of the quarks toH These bounds all apply to the charged Higgs masses. Bounds on neutral Higgs masses are much weaker. This is because all of the neutral scalars in the model couple in a flavor-diagonal way, and thus charged Higgs processes are the only ones that change flavor. Bounds on flavor-changing processes are much stronger than those from flavorconserving processes. One potential low-energy effect is on the ρ-parameter, which is sensitive to the mass splitting within a isospin multiplet. However, in this model the charged and neutral Lee-Wick scalars have very similar masses, thus this splitting is negligible.
V. RESULTS AND FUTURE PROSPECTS
From the B-physics results of the last section, the LW scale in the type-II model must exceed 800 GeV. In the type-I model, the LW scale must exceed 400 GeV. Is there a way to detect this at the LHC?
Two possibilities for determining the validity of this theory exist. The first involves changing the branching ratios of the 125 GeV Higgs boson, and the other involves direct detection of LW states.
Carone et al. [16] studied the effects of the LWSM on the decays of the Higgs boson and showed that current bounds are weak, with a lower bound of 255 GeV on the LW scale. They also noted that the bound will only become competitive with the B-decay bounds after 400 inverse femtobarns of integrated luminosity at the LHC. Furthermore, the primary effect would be a slight increase in the H → τ τ branching ratio, making it unlikely that this would be interpreted as evidence for a LW sector. Reaching the bound of 800 GeV, as in the type-II version of the LW 2HDM above, would require an integrated luminosity in excess of 4000 fb −1 , which is unlikely to be achieved in the next couple of decades.
Direct detection was discussed in detail by Figy and Zwicky [11] . They wrote that the most likely discovery of the LW Higgs boson at the LHC would be if the mass was below the top pair production threshold (singular, since its the LW model, not 2HDM). In addition, Figy and Zwicky noted that the negative width gives a dip-peak structure, instead of a peak-dip structure. In this model the LW states are all above the top pair production threshold, making direct detection extremely difficult. Detection of the LW states would require a substantially more energetic hadron collider or a multi-TeV linear collider.
Perhaps the best near-term hope for an indication of the LW2HDM model would be to discover the "normal" particles of the 2HDM and study their decays. The above Yukawa couplings differ from the conventional 2HDM. As a result, analysis of the Yukawa LW Higgs-coupled decays would provide evidence of the LW2HDM. The diagonal elements the neutral scalar Higgs mass matrix K = −2M 2 12 v 2 λ 345 sin 2 (2β) + cos(2β) λ 1 cos 2 (β) − λ 2 sin 2 (β) + M 4 12 + v 4 λ 2 345 sin 2 (2β) + λ 1 cos 2 (β) − λ 2 sin 2 (β) 2
